A variety of chemically synthesized oligonucleotides designed on the basis of amino acid and/or nucleotide sequence data were used to detect a large number of novel reverse transcriptase coding sequences in human and mouse DNAs. Procedures involving Southern blotting, library screening, and the polymerase chain reaction were all used to detect such sequences; the polymerase chain reaction was the most rapid and productive approach. In the polymerase chain reaction, oligonucleotide mixtures based on consensus sequence homologies to reverse transcriptase coding sequences and unique oligonucleotides containing perfect homology to the coding sequences of human T-cell leukemia virus types I and II were both effective in amplifying reverse transcriptase-related DNA. It is shown that human DNA contains a wide spectrum of retrovirus-related reverse transcriptase coding sequences, including some that are clearly related to human T-cell leukemia virus types I and II, some that are related to the L-1 family of long interspersed nucleotide sequences, and others that are related to previously described human endogenous proviral DNAs. In addition, human T-cell leukemia virus type I-related sequences appear to be transcribed in both normal human T cells and in a cell line derived from a human teratocarcinoma.
Two major classes of eucaryotic dispersed repetitive sequences, retrotransposons (retroviruslike transposable elements) and retroposons (short and long interspersed nucleotide sequences as well as processed pseudogenes), appear to transpose by a mechanism involving the reverse transcription of an RNA intermediate (4, 47, 65) . In retrotransposons (such as vertebrate retrovirus proviral DNAs, mouse intracisternal A particle [IAP] proviral DNAs, Drosophila copia and copialike DNAs, and yeast Ty DNAs), the reverse transcriptase required for transposition is clearly a transposon-coded function, whereas in most retroposons (such as the primate Alu family of short interspersed nucleotide sequences and processed pseudogenes in general) the reverse transcriptase required for transposition is assumed to be supplied from retroviruses and/or retroviruslike transposable elements. However, one class of retroposons, the L-1 family of mammalian long interspersed nucleotide sequences, almost certainly contains some members that possess reverse transcriptase coding capacity (13, 23, 54) . The potential importance of retrotransposons and retroposons in regard to the evolution of the mammalian genome and to mutagenesis and oncogenesis (64) has been most thoroughly studied in mice, where the total mass of these repetitive sequences represents at least 10% of the genome (4, 47, 60, 65) . Although short interspersed nucleotide sequences (hundreds of thousands of copies per cell) and long interspersed nucleotide sequences (tens of thousands of copies per cell) account for most of this material, endogeneous C, B, IAP, and viruslike 30S-type proviral DNAs (here considered as retrotransposons) are also present at significant levels (thousands of copies per cell). Indeed, it is these proviral DNAs and the viruses that some of them generate that have been the most thoroughly characterized eucaryotic transposable elements at the genetic and biochemical levels, and it is * Corresponding author.
possible that similar proviral DNAs may be amenable to serious functional investigation in humans.
A few investigators have recently begun to search successfully for retroviruslike and/or proviral DNAs in humans. In essence, these searches have been based primarily on three approaches: (i) the low-stringency screening of human genomic libraries with proviral DNA probes of murine leukemia virus (MLV) (27, 44, 45) , murine mammary tumor virus (MMTV) (1, 2) , baboon or chimpanzee virus (33, 34) , and IAPs (35) ; (ii) the screening of human genomic libraries with oligonucleotide probes homologous to the primerbinding sites of known mammalian retroviruses (12, 18) ; and (iii) the fortuitous identification of previously uncharacterized repetitive elements in genomic clones followed by subcloning and sequencing (24, 25, 39) . All of these approaches have been successful, and the results may be briefly summarized by stating the following: (i) the elements identified to date are significantly different from each other; (ii) six of the elements that have been extensively or completely sequenced each use a different tRNA for putative priming of reverse transcription; (iii) some of the elements clearly contain all of the information associated with proviral DNA (long terminal repeats and gag, pol, and env regions), whereas others contain extensive deletions; (iv) copy numbers of different elements range from a single copy to tens of thousands; (v) many of the elements are transcribed (7, 9, 14, 36, 39, 42) ; and (vi) the long terminal repeats of most of the sequenced elements contain all of the regulatory sequences generally associated with their function as both promoters and terminators of transcription, although gag and pol genes have acquired deletions or accumulated additional termination codons within their predicted functional open reading frames. (We have adopted the terminology of Kroger and Horak [18] , in which human retrovirus-related sequences [HuRRS] are classified on the basis of putative tRNA primer-binding sites. Thus HuRRS-E [45] and HuRRS-K 
3' ATGTACCTACTGTATGAAAA 
MATERIALS AND METHODS
Standard procedures. Restriction endonuclease digestions, gel electrophoresis, Southern and Northern (RNA) blotting, hybridization of blots to oligonucleotide-primed labeled probes, labeling of synthetic oligonucleotides with polynucleotide kinase, and preparation of high-molecular-weight chromosomal and bacteriophage lambda DNAs were performed as previously described (30) and/or according to standard procedures (26) . Sequencing of single-stranded M13 cloned DNAs was performed by the dideoxy-chain terminator method with a modified T7 polymerase enzyme (Sequenase) and [at-355] dATP with the reagents and protocol of the United States Biochemical Corp. All sequences were obtained from multiple gel readings. Experiments involving the probing of blotted gels containing PCR reaction mixtures (or total genomic DNA) always included stringency and copy number controls. Specifically, random oligonucleotideprimed probes synthesized from single-stranded M13 clones were hybridized to both blotted gels and control dots of filter-bound complementary M13 RF, and both blots and dots were washed in 0.03 M NaCl-3 mM trisodium citrate-0.1% sodium dodecyl sulfate at a series of temperatures ranging from 50 to 70°C at 5°C intervals. For the experiments shown in Fig. 6 and 7, blots and controls exhibited comparable losses in signal intensity, indicating that probes were extensively homologous to their complementary blotted DNAs and, in the case of PCR mixtures, not due solely to the 30% expected primer homology. The filters autoradiographed for Fig. 6 were washed at 60°C, and those for Fig. 7 were washed at 55°C.
High-molecular-weight DNAs. High-molecular-weight DNAs isolated from livers of C57L/J and AKR/J mice were obtained from P. D'Eustachio (New York University, Department of Biochemistry), as was DNA isolated from the A9 mouse cell line (derived from strain C3H); DNA isolated from spleens of RF/J mice was from S. Sloan (New York University, Department of Pathology); DNA isolated from the 293 human cell line (11) was from R. Schneider (New York University, Department of Biochemistry); DNA isolated from the CEM human T-cell lymphoblastoid cell line was from J. Krolewski (New York University, Department of Pathology); and DNA isolated from human scalp skin and the human melanoma cell lines BSFM and HM20 were from D. Zouzias (New York University, Department of Dermatology).
Genomic and cDNA libraries. A human genomic placental library was obtained from J. Hall (New York University, Department of Biochemistry), a human teratocarcinoma (TC)-derived cell line cDNA library (54, 55) was from J. Skowronski (Cold Spring Harbor Laboratory), and a human T-cell (PTL)-derived cell line cDNA library was from J. Krolewski. All of these bacteriophage lambda libraries were plated on Escherichia coli LE392 and screened with oligonucleotide probes by the hybridization procedure described below.
Total and poly(A)+ RNAs. Total and poly(A)+ RNAs isolated from the Burkitt lymphoma cell line ST486, were obtained from J. Krolewski. HeLa total poly(A)+ RNA was isolated by the guanidinium isothiocyanate procedure of Maniatis et al. (26) .
Hybridization of oligonucleotides to filter-immobilized DNAs. A low-stringency hybridization (37°C in 0.9 M NaCl, 0.09 M trisodium citrate, 10% dextran sulfate) followed by high-stringency washes in the presence of 3 M tetramethyl ammonium chloride (a compound that eliminates the effect of base composition on duplex DNA melting temperatures) was used in all studies exactly as described by Wood et al. (66) . In addition, controls of Moloney murine leukemia virus proviral DNA were included in most experiments (one of the mixed probe sequences is about 95% homologous to the known conserved Moloney 27-base-pair region) as a rough measure of probe homology, at least as determined by comparative reductions in signal intensity as a function of washing temperatures (60 to 75°C). Hybridizations were performed in 10-ml solutions containing 200 ng of 5' 32p_ labeled oligonucleotides with specific activities ranging from 2 x 108 to 1 x 109 cpm/,ug. For the experiments shown in Fig. 2 and 3 the washing temperature was 600C.
PCR. PCRs were performed essentially as described by Saiki et al. (48) with Thermus aquaticus DNA polymerase (Perkin Elmer Cetus) to increase reaction specificity (since chain extension occurs at 72°C) as well as to reduce the overall time of amplification (since this enzyme is stable at a 94°C denaturation temperature). In short, reactions were performed in a DNA Thermal Cycler (Perkin Elmer Cetus) in 100-,ul solutions containing 1 to 2 ,ug of DNA, 50 mM KCl, 10 mM Tris (pH 8.4), 2.5 mM MgCl2, 1 ,uM each unique primer or 10 ,uM each mixed oligonucleotide primer (MOP), 200 ,uM each deoxyribonucleoside triphosphate, 200 Rg of gelatin per ml, and 2 U of polymerase. Samples overlaid with an equal volume of mineral oil were subjected to 30 cycles of amplification by (i) heating from 72 to 94°C (over 30 s) and incubating at 94°C for 2 min (denaturation), (ii) cooling (over 1 min) from 94°C to a primer annealing temperature of between 37 and 60°C (depending on the experiment) and incubating for 3 min, and (iii) heating from the annealing temperature (over 1 min) to a chain extension temperature of 72°C and incubating for 4 min. The final extension was incubated for 7 min, and 15-,ul samples were then resolved on composite gels of 3% NuSieve-1% electrophoresis grade agarose (Schwartz/Mann) containing 0.5 ,g of ethidium bromide per ml. Fragments to be subcloned (20-,I samples) were first phosphorylated by adding 20 U (2 RI) T4 polynucleotide kinase and 1 RI of 50 mM ATP, and incubating for 45 min at 37°C. After ethanol precipitation and suspension in 20 p1 of H20, the fragments were cloned by blunt-end ligation (10 U of T4 DNA ligase) into the SmaI site of alkaline phosphatase-treated M13mpl9.
Comparison of amino acid sequences. Computer analysis of sequence data was performed on a Digital VAX 11/750 microcomputer by using the protein information resource (40, 41) and/or Staden (58, 59) nucleic acid sequence programs.
Synthetic primers and probes. All oligonucleotides were synthesized in the laboratory of B. Goldschmidt (New York University, Department of Environmental Medicine) with an Applied Biosystems 380A Synthesizer.
RESULTS
Synthetic oligonucleotide primers and probes. In the interest of detecting new human endogenous retroviruses and retroviral related sequences that might lack extensive (kb) homologies with known retroviruses, two procedures with reverse transcriptase-specific synthetic oligonucleotides were employed. The first was based on conventional genomic library and Southern blot screenings, whereas the second was based on the use of PCR. As shown below, the PCR procedure represented a far more productive approach to characterizing the multigene reverse transcriptase family than did conventional screening and resulted in the identification of sequences that are apparently related to known primate retroviruses. Figure 1 presents published nucleotide and amino acid sequences of 18 retroviral or retroviruslike reverse transcriptase genes in a region that contains a variety of particularly well-conserved, so-called diagnostic amino acids (38, 62, 63) . Also included in this figure are the sequences of six synthetic oligonucleotides used as primers for PCR analyses of human (and in some cases, mouse) DNAs. One of these oligonucleotides (see below) was also used as a conventional probe for library and blot screening.
The primers represent putative (MOP) or actual (HTLV-I and HTLV-II) coding sequences for exceptionally well conserved amino acid blocks. The rationale for using unique HTLV primers was that human DNA might contain endogenous proviral DNAs related to human retroviruses, whereas the rationale for using MOP was that human DNA is already known to contain a variety of murine and other retrovirus-related sequences. The biases used for determining the sequence of the mixed primers, in which both the upstream and downstream mixtures are composed of 16 distinct oligonucleotides, were based both on theoretical considerations (20) and on the amino acid composition of the conserved reverse transcriptase regions in birds, mice, and humans. The downstream MOP contains 27 nucleotides rather than the 20 present in the other primers, since this mixed oligonucleotide (as well as its complement) was also designed for use as a probe for conventional screening of genomic and cDNA libraries.
The theories of probe selectivity and sensitivity upon which the latter screening was based indicated that rather long unique synthetic oligonucleotides (>25 residues), containing sequences based on primate codon usage and possessing about 85% homology to a target sequence, should be more than adequate for selecting true positive nonrepetitive clones from cDNA libraries. Slightly better homologies and/ or longer probes are required for selecting true positive unique clones from genomic libraries. Our mixed 27-nucleotide oligomer represents a compromise between the use of a single long probe with about 85% target site homology (based on codon usage) and the use of a mixture of many smaller probes representing all possible coding possibilities. This compromise was adopted since the amino acid sequence(s) upon which the probe was based is itself a consensus. The expectation that nearly all of our target sequences should be present in repetitive elements, and that the selection of positive clones with at least 90% homology to our probe (estimated by stringency comparisons with a Moloney MLV proviral DNA control), were two additional factors that favored the selection of true positive clones.
Of the two complementary probes, one, 5' TAC A A C T -TGGATGAC-T-CTGCTGGCC-GC 3', represents the G C G G sequence expected in an mRNA coding for reverse transcriptase and is known as the sense probe, whereas the A G T T other, 5' GG-GGCCAGCAG-A-GTCATCCA-GTA 3' C C G C represents the complement of this and is known as the antisense probe.
Detection of conserved reverse transcriptase coding sequences by conventional screening. The detection of conserved reverse transcriptase coding sequences in Southern and Northern blots of human DNA and RNA is shown in Fig. 2 and 3 . Also shown in Fig. 2 is the detection of such sequences in mouse DNAs. The results of the Southern blot analysis shown in Fig. 2 (60) . Since the IAP family seems to be the most abundant and non-strain-specific mouse endogenous proviral DNA, it has been tentatively correlated with the moderately repetitive bands shown in Fig. 2 (29) . The less intense bands (in some cases strain specific) have been tentatively correlated with the remaining classes of proviral DNAs.
The failure to detect discrete bands homologous to the 27 nucleotide mixed probe in Southern blots of human DNAs probably reflects the presence of thousands of divergent and dispersed reverse transcriptase sequences rather than their absence (see below).
The results of the Northern blot analysis shown in Fig. 3 and that of other Northern blot analyses were as follows: (i) HeLa poly(A)+ RNA and to a lesser extent, poly(A)+ RNA isolated from a Burkitt's lymphoma cell line (data not shown) contained an abundant 5-to 6-kb species homologous to the antisense (but not sense) oligonucleotide probe; (ii) Burkitt's lymphoma cell total RNA contained a variety of abundant species homologous to the antisense probe [including the 5-to 6-kb RNA detected in poly(A)+ samples] but contained much lower amounts of material (with an apparently different size distribution) homologous to the sense probe; and (iii) 28S (5-kb) rRNA failed to hybridize to the antisense probe under the conditions used for our screenings (data not shown). Surprisingly, 28S rRNA contains a target sequence with about 70% homology to one member of the probe mixture (10) .
The extensive hybridization of total RNA [in contrast to poly(A)+ RNA] with the oligonucleotide probe is typical of many highly conserved, repetitive dispersed sequences, whereas the detection of a discrete band of poly(A)+ RNA homologous to a highly conserved region of endogenous retroviruses is consistent with the recent identification of a variety of such RNAs in many other cell types (7, 9, 14, 36, 42) .
Despite the positive results obtained in the blotting experiments, attempts to isolate reverse transcriptase homologs from human genomic and cDNA libraries by screening with the MOP downstream probe failed. We therefore investigated the use of PCR; the requirement that a template contain sequences homologous to two distinct probes was expected to increase the specificity of the screen, whereas the amplification inherent in the PCR was expected to allow detection of rare sequences.
Detection of conserved reverse transcriptase coding sequences by the PCR. PCR amplification has been shown to be an extremely powerful tool for the analysis of unique or extremely low-copy-number genes (19, 21, 48) ; it may also represent one of the most rapid and productive approaches for the characterization of multigene families. Specifically, the reverse transcriptase-specific primers presented in Fig. 1 were used to amplify a variety of human (and one mouse) DNAs at annealing temperatures ranging from 37 to 60°C, and the reaction products were analyzed by gel electrophoresis. In successful cases of amplification, the fragment mixtures were cloned by blunt-end ligation into M13mpl9, sequenced, and then compared at the amino acid level both with each other and with known reverse transcriptase genes. The results of some gel electrophoresis analyses and of all of the amino acid sequence comparisons are shown in Fig. 4 and Table 1 , respectively. The results of the electrophoresis analysis shown in Fig. 4 indicate that (i) the brightest band in any PCR generally corresponded to the size expected (-130 base pairs) for amplification of retroviruslike reverse transcriptases; (ii) the MOP functioned in a specific PCR amplification even though it was relatively ineffective as a probe for screening libraries and Southern genomic blots; (iii) higher annealing temperatures (higher PCR stringencies) generated fewer and more clearly defined amplification products; and (iv) HTLV-I-and HTLV-II-specific primers functioned at annealing temperatures as high as 60°C, even though it is generally assumed that amplification at annealing temperatures of 55°C requires nearly perfect primer-template homology (48) . In addition the results of many other electrophoresis analyses (data not shown) indicate the following: (i) all of our primers, including those corresponding to human immunodeficiency virus (HIV), generate a product of the expected size when human genomic DNAs are used as templates at an annealing temperature of 60°C; (ii) only HTLV-I primers generate a product of the expected size when TC cDNA and T-cell (PTL) cDNA are used as templates at an annealing temperature above 55°C; and (iii) the upper limit for effective annealing of our primers is in the range of 65 to 70°C. On the whole, gel analysis of PCRamplified fragments strongly suggested that conditions of both moderate and very high stringency allowed the synthesis of reverse transcriptase-related sequences. The results of the amino acid sequence comparisons (Table 1) this suggestion. Although some of the group designations and diagnostic amino acid assignments in Table 1 Fig. 4 is presented in Fig. 6 . The four reverse transcriptase-related cloned probes are as follows (see Table 1 ): (i) A.12, an HTLV-I high-stringency-primed fragment containing both monkey and HTLV-I-like characteristics; (ii) B.3, an HTLV-II highstringency-primed fragment containing some monkey characteristics but quite different from any reported reverse transcriptase; (iii) C.1, an MOP moderate-stringency-primed HTLV-E3 Comparison of the nucleotide sequences of three PCR-amplified DNA fragments and three previously cloned chromosomal sequences to which they are highly homologous. The sequenced fragments correspond to those indicated by arrows in Table 1 , but the nucleotide sequences include the upstream and downstream primers in addition to the internal region translated in Table 1 . (The chromosomal homologs are shown in Fig. 1 and described in the legend to Fig. 1 ). Primer regions are underlined, sequence mismatches are indicated by an asterisk, and sequence identities are indicated by vertical lines. fragment containing possible L-1-like characteristics; and (iv) E.2, an HTLV-I high-stringency-primed fragment containing monkey characteristics. As suggested by the data of Table 1 , the results of the experiments shown in Fig. 6 (as well as those of other experiments with these same filters after stripping [60% formamide at 70°C]) indicate a high level of primer selectivity. For example, referring to the terminology of Fig. 6 , the L-1-like sequence (C.1) was present in a Sequences are organized in groups (A through F) based on similarities to known reverse transcriptase homologs, and the sequences of the latter are included for reference at the end of each group. Gaps (dashes) have been introduced into the sequences to maximize homologies; stars indicate termination codons. The open circles at the top of each group represent positions that are often helpful in diagnosing this region of the reverse transcriptase gene. Note that group F represents sequences with no clear reverse transcriptase context. For abbreviations of primers and homolog, see the legend to Fig. 1 . The L-1 homolog represents the compilation sequence of Singer and Skowronski (53) . Template DNAs were isolated from the following: CEM, a human T-cell lymphoma-derived cell line (5); HeLa, a human cervical carcinoma-derived cell line; TC, a bacteriophage lambda cDNA library prepared from a human teratocarcinoma-derived cell line (54) ; PTL, a bacteriophage lambda cDNA library prepared from normal human resting T cells (22) ; and MU-S, total RF/J strain mouse spleen. The arrows indicate clones whose entire nucleotide sequences are presented in Fig. 5 . In groups A and B, identical nucleotide sequences that were generated from different templates and/or annealing temperatures are also indicated (for example, A.3 = A.4). (Fig. 7) . In the case of the monkey Fig. 7 are significantly larger than the reverse transcripthe doublet in the 123-base-pair range, observed by both tase coding region, it is likely that each reverse transcriptase blotting and UV absorption in many PCR products, is is part of a larger repetitive element probably due to the amplification of slightly shorter templates as reflected by products such as A.6 or B.7, shown in DISCUSSION Table 1 .) Due to the efficiency of amplification after the first successful priming reaction and the reasonable selectivity of
The human genome apparently contains a wide spectrum mixed oligonucleotide priming at 37°C (MOP clones), it is of sequences that are closely related to the reverse transcripprobable that additional blotting studies will reveal isolated tase genes of retroviruses, and it is assumed that most of cases of unexpected priming. In any event, the data shown in these sequences are part of defective proviral DNAs. In this Table 1 and Fig. 6 indicate that high-stringency-primed communication we show that synthetic oligonucleotides amplifications generally yield specific and distinct families of homologous to highly conserved regions of reverse tranrelated sequences.
scriptase genes are particularly effective in detecting such
DistributiopD of some reverse transcriptase-related cloned sequences when used as primers in PCR amplification.
DNA fragments in genomic DNA. To investigate the distribuThese primers may be either unique (HTLV-I and HTLV-II; tion of some specific amplified PCR fragments in human Fig. 1 ), or mixed (MOP; Fig. 1 ), and the nature of the DNA, the four reverse transcriptase-related clones deamplified sequences appears to depend on both the primer scribed above were labeled and used to probe blots of gels sequence and annealing temperature (although the relative importance of each has not been investigated systematically (Fig. 5) on MOP-amplified genomic DNA suggest that primer-target homologies of less than 70% can amplify expected sequences, at least with 37°C annealing and either 37 or 72°C extension. It is assumed that this fidelity of PCR is due primarily to the requirement for two independent primer-target interactions in specific orientation within a defined distance, and that the use of increased annealing temperatures and/or unique primers would limit the composition of the amplified products. Indeed, unique oligonucleotide primers of 20 residues and annealing temperatures of 550C supposedly require perfect or nearly perfect primertarget matching for successful amplification (48) . (The annealing limit for our HTLV-I and HTLV-II primers was between 65 and 70°C; the limit of our mixed primers was not tested.)
The nature of the human reverse transcriptase-related amino acid sequences detected by PCR in both genomic and cDNAs was quite varied ( Another practical concern is that the use of PCR for determining the possible retroviral etiology of a variety of human diseases may be complicated by endogenous retroviruses. Even if cDNAs are used for PCR templates, the transcriptional activities of endogenous sequences must be considered.
The major theoretical concern related to the presence of endogeneous human retroviruses is their potential expression. In analogy with murine systems, the following might be expected: (i) that such sequences in humans will be classed as low-, high-, or, most often, non-virus-producing and that this classification will depend on the nature of both the provirus and the host; (ii) that some human endogenous proviral DNAs In conclusion, the importance of reverse transcription in regard to the development and evolution of mammalian genes and its present importance as a mechanism of DNA transposition suggest that a variety of reverse transcriptase genes, including those in unexpected contexts, are present in humans and mice. Moreover, the homology relationships of human putative reverse transcriptases identified by PCR amplification suggest that many or most of them are related to primate retroviruses. Such a relationship, if meaningful, implies an ancient (>105 years) association between retroviruses and humans. It is possible that the proposed transfer of an HTLV-I-like monkey virus to humans in the 16th century and of an HIV-like monkey virus to humans in the 20th century merely represent the most recent detectable examples of monkey-human cross-infections. It is also possible that both human and monkey exogenous retroviruses have been evolving relatively independently (8) , and that many of the human endogenous sequences were derived from human retroviruses.
